tion the action of certain strains of Escherichia coli upon other bacteria, of various yeasts and of many fungi (Nakhimovskaia, 1938 (Nakhimovskaia, , 1939 Waksman, 1941 isolated or tested these preparations. Further, the action of these substances has only seldom been compared with that of known chemical compounds having similar properties or producing similar action.
EXPERIMENTAL
This study was undertaken for the purpose of throwing light upon the relative activity of antibiotic substances of microbiological origin and of well defined chemical compounds, by the use of the same technique and the same test organisms. In the study of the bacteriostatic action of these preparations, two gram-negative bacteria, two spore-forming and two non-spore-forming grampositive bacteria, and two actinomycetes were used as test agents. These organisms were selected because of previously established variation in the degree of their sensitivity to the active substances. The two actinomycetes varied but little in their response; hence, only the results obtained with one of these are reported. In many cases, other test organisms, in addition to the above were also employed.
In view of the marked effect of the composition of the medium upon the activity of the substance, three media were used, namely, nutrient agar, nutrient broth, and brain-heart-infusion agar. The cultures were streaked over the solidified agar plate or inoculated into the tubes containing the broth. Incubation took place at 280 or 370C., depending on the optimum conditions for the growth of the particular test organism, for 1 to 3 days. The active substances were dissolved in water, or, when required, in alcohol and diluted with water. Each active substance was added, in ten different concentrations, to 10 ml. portions of the test media.
In order to avoid complication that would result from the reporting of all the details thus obtained, only those concentrations are reported at which bacterial growth became inhibited. Complete inhibition of growth of the test organism by a given concentration of the bacteriostatic agent is emphasized by the use of -a minus (-) sign. When no inhibition was obtained even with the highest concentration employed, a plus (+) sign is used. To illustrate this: 3 = partial inhibition of growth of the particular test organism by the addition of 3 milligrams of the substance to 10 ml. of agar or broth; 3-= complete inhibition of growth by 3 milligrams of the substance; 3+ = no inhibition at all with 3 milligrams of the substance, no higher concentration being used for making the particular test.
The following 14 preparations and chemical compounds were employed in these studies, nine of these being of microbiological and one of biological, although not microbiological, origin; four were well defined chemical compounds of non-biological origin.
1. Actinomycin, isolated from Actinomyces antibioticus, a crystalline substance (Waksman and Woodruff, 1941 (Dubos, 1939; Dubos and Hotchkiss, 1941) .
4. Tyrocidine was also isolated by Dubos from B. brevis (Dubos, 1939; Dubos and Hotchkiss, 1941 14. Sulfanilamide, included in this study because of its selective action against various bacteria, comparable to substances of microbial origin.
The results presented in table 2 show that the medium chosen for measuring bacteriostatic action of different preparations is of considerable importance. From 3 to 10 times as much actinomycin and streptothricin is necessary to inhibit the growth of the various test bacteria on brain-heart-infusion agar as on nutrient agar. This may be due to the presence in the brain-heart agar of specific inhibitors for these substances. Blood serum was found, in other experiments not reported here, to have no effect on the action of these substances; however, it is known to interfere with the action of tyrocidine. Nutrient broth proved much more favorable than agar media for demonstrating bacteriostasis of the products of B. brevis. This may be due to the low solubility of these substances in water and to their poor diffusion in agar.
The two gram-negative test bacteria were inhibited by streptothricin, pyocyanase, pyocyanin, gliotoxin, tolu-p-quinone, and high concentrations of phenol and sulfanilamide. The two aerobic spore-forming bacteria were inhibited by a number of the preparations, particularly by actinomycin and gliotoxin. It is of special interest to note that Bacillus mycoides (at least the particular strain employed in this test) was highly resistant, whereas Bacillus subtilis was sensitive to streptothricin, lysozyme, and sulfanilamide. Both organisms were resistant to gramicidin. Micrococcus lysodeikticus and Sarcina lutea were highly sensitive to actinomycin, gramicidin, tyrocidine, penicillin, gliotoxin and lysozyme. The Actinomyces sp. was sensitive to most of the substances when used in not too high dilutions.
Because of the claims that peptone interferes with the activity of the active substances, a synthetic medium was also used, namely Czapek's agar. The 33, 000, 330, 100, 330, 33, 330 , 1,000, 10,000, 10,000, 100, and 1.
In order to compare these results with those obtained by other investigators, it is sufficient to take sulfanilamide. In these tests, sulfanilamide gave a bacteriostatic action against the two cocci and B. subtilis of 1 to 10 mg. per 10 ml. agar, or in dilutions of 1:1,000 to 1:10,000. MacKay (1941) reported recently that sulfanilamide permitted the growth of Staphylococcus aureus and B. subtilis, after 24 hours, in concentration of 1:5,000, on various serum media.
When a crude preparation of penicillin was employed, in the form of the original culture medium, it was found to be also effective against gram-negative bacteria as well as certain gram-positive organisms not affected by the purified preparation. The concentrations of medium required to inhibit E. coli and Aerobacter aerogenes varied from 0.1 to 0.3 ml. per 10 ml. agar. Brucella abortus was inhibited by even lower concentrations. The action of the purified material is in conformity with the results obtained by the British investigators (Abraham, et al., 1941) . The importance of the composition of the medium, method of extraction, nature of test organism and of strain of antagonist employed, which have been found to be of great importance in establishing the activity of the active substance of antagonistic organisms (Waksman, 1941) are thus shown to hold particularly true of the active agents of Penicillium notatum.
The bacteriostatic action of several substances of microbial origin has been determined for several other gram-negative bacteria (table 4). Marked differences were again brought out in the degree of sensitivity of the same organism to different preparations; different species of the same genus show different degrees of sensitivity against the same active substance. A comparative examination of the effect of some of the other substances against B. abortus gave the following results, in milligrams per 10 ml. of nutrient agar: actinomycin, 0.1, streptothricin, 0.05, gramicidin, 1, pyocyanase, 0.1-and gliotoxin, 0.01-.
A detailed study of the bactericidal action of two substances of microbial origin, namely actinomycin and streptothricin, brought out that they behaved differently by this method as well. Actinomycin affected E. coli to a limited extent, unless used in relatively high concentrations, but it acted vigorously upon B. subtilis and M. lysodeikticus. Streptothricin, on the other hand, had a marked bactericidal action upon both gram-negative and gram-positive bacteria. One further difference in the selective bactericidal action of these two substances was observed, namely, actinomycin brought about the death of the cells without accompanying lysis, whereas streptothricin exerted a bactericidal action often accompanied by lysis, especially in case of micrococci.
Actinomycin has a slow bactericidal effect against bacteria. This is evident even with gram-negative bacteria which are ordinarily highly resistant to this substance. The results of an experiment using E. coli cells as the test organism may be reported here. E. coli was grown on nutrient agar. The cells were removed, washed, and then suspended in sterile tap water. One ml. of the cell fig. 1 ) reveals that 0.004 mg. of actinomycin per 10 ml. suspension of resting cells of E. coli was insufficient to bring about a significant reduction in cell numbers. Ten times that concentration, or 0.04 mg., proved slowly bactericidal and 0.4 mg. per 10 ml. proved markedly bactericidal. Both of these values are less than that required to inhibit E. coli growth (1-2 mg. per 10 ml. nutrient agar). This would seem to indicate that nutrient agar may contain some substance inhibitory to the action of actinomycin, or that the rapid multiplication of E. coli on nutrient agar is sufficient to overcome the slow bactericidal action of actinomycin, this action becoming evident only when cell multiplication is prevented. 
DEATH RATE OF E. COLI CELLS IN BUFFER SOLUTION
Further comparative studies of the bactericidal action of different substances of microbial origin tended to emphasize their selective nature even more markedly. For example, gliotoxin, which exerted a fairly strong inhibiting effect upon E. coli, had only a limited bactericidal action, even in concentrations of 2 mg. per 10 ml. of broth culture. On another gram-negative organism, Brucella abortus, gliotoxin also exerted a lower bactericidal effect than actinomycin, crude penicillin, streptothricin and pyocyanase; the last two were by far most active in destroying this gram-negative pathogen. On the other hand, gliotoxin appeared to be more active bacteriostatically against certain bacteria than some of the other substances and preparations. The recent interest in the antagonistic interrelationships of micro6rganisms has led to the preparation of several substances of microbial origin which have marked bacteriostatic and bactericidal properties. Some of these have been isolated in the form of pure chemical compounds, whereas others have so far been demonstrated only in the form of crude preparations containing the active principle. The methods employed by various investigators for measuring bacteriostasis vary considerably, both as to medium employed and as to test organisms used. No adequate comparison can, therefore, be made of the activity of the various antibiotic substances produced by different antagonistic microorganisms.
In this investigation, nine products of microbial origin, one other agent of biological origin and four synthetic chemical compounds have been tested by means of standard procedures for measuring bacteriostasis; seven test organisms and three different media were employed. Two of the substances, actinomycin and streptothricin, were of actinomyces (A. antibioticus, A. lavendulae) origin; three, tyrothricin, tyrocidine and gramicidin, were obtained from a spore-forming bacterium (B. brevis); two, pyocyanase and pyocyanin, from a non-spore forming gram-negative bacterium (P. aeruginosa); two, gliotoxin and penicillin, were of fungus origin (Gliocladiumfimbricatum and Penicillium notatum). Egg white was used as the source of lysozyme, because an antagonistic agent obtained by certain investigators from different micro6rganisms was described as resembling lysozyme. For comparative purposes, phenol, tolu-p-quinone, lauryl sulfate, and sulfanilamide were also included.
The differences in the degree of sensitivity of the particular test bacteria to the various substances were most striking. Gramicidin was found to be most specific in its action, being limited to the cocci (S. lutea and M. lysodeikticus) and acting to a slight extent upon actinomycetes. Purified penicillin was next to it in specific action. Actinomycin, tyrothricin, tyrocidine and gliotoxin acted primarily upon the gram-positive organisms and actinomycetes, much less upon gram-negative bacteria. This is in contrast to the generalized, even if more limited action of phenol and tolu-p-quinone, which behave alike in regard to both gram-positive and gram-negative organisms. Pyocyanase, pyocyanin and the crude penicillin (P. notatum culture filtrate) were similar to the chemical compounds in their action, since they were found to be generally, bacteriostatic over the wide range of the test organisms employed, no sharp division being obtained upon the basis of the gram stain. Streptothricin was unique in its action: the gram-positive spore-former B. subtilis was most sensitive but the other spore-former, B. mycoides, was not affected at all by this substance; the gram-negative E. coli was more sensitive to streptothricin than either M. lysodeikticus or S. lutea. Sulfanilamide proved to be only slightly bacteriostatic; however, it had a definite retarding effect upon the growth of the various organisms used in this study.
As a whole, the substances of microbial origin were found to be stronger bac-
teriostatic agents than the chemicals tested. This is based upon a comparison of the actual weights of the active materials. However, if the molecular weights had been used as a basis, the differences would have become even more magnified since the microbial agents are of considerably higher molecular weight than the chemical disinfectants.
It was found further that a high bacteriostatic action is not necessarily accompanied by a high bactericidal action. Gliotoxin, for example, was probably the most active bacteriostatic substance. However, its bactericidal properties were much lower than those of other preparations. Streptothricin, on the other hand, was highly active bacteriostatically and bactericidally against certain gram-negative bacteria. Certain gram-positive organisms, such as B. mycoides, usually very sensitive to the action of other compounds such as actinomycin, was highly resistant to streptothricin.
These results tend to disprove certain claims (Dubos and Hotchkiss, 1941) 6. Solubility of active substance, namely aqueous vs. alcoholic solution. 7. Stability of substance, as influenced by temperature, aeration, reaction.
8. Action in vitro vs. action in vivo.
SUMMARY
A comparative study has been made of the bacteriostatic and bactericidal properties of various known substances of microbial origin. Their action was compared with that of egg-white lysozyme and different chemical agents commonly used as disinfectants. Considerable variation was obtained by the use of different test organisms and different media for testing. A number of different organisms and several media were employed for measuring the comparative bacteriostatic action of the different preparations. From three to ten times as much actinomycin or streptothricin was necessary to cause the same inhibition in brain-heart-infusion agar as in nutrient agar. Inhibition by the slightly soluble products of Bacillus brevis was more marked in nutrient broth than in the agar media.
Striking differences were found to exist in the selective action of these substances upon various bacteria. Gramicidin was most specific, acting primarily upon gram-positive micrococci. Actinomycin, tyrothricin, tyrocidine, purified penicillin, gliotoxin and the chemical detergent (lauryl sulfate) acted in low concentrations upon gram-positive bacteria and only to a limited extent upon gramnegative organisms. Pyocyanase, pyocyanin and crude penicillin were similar in their action over the whole range of the test organisms used. Streptothricin was unique in its action, being highly active against certain gram-negative bacteria and having no action against certain gram-positive organisms. Upon a weight basis, the substances of microbial origin were found to be much stronger bacteriostatic agents than the chemical antiseptics tested.
Marked differences were also obtained in the selective bactericidal action of the different preparations. Certain substances possessing high bacteriostatic properties were not necessarily also highly bactericidal.2
